Abstract. The transport and deposition of fine particulate organic matter (FPOM) is an important flux linking upstream and downstream reaches of stream ecosystems. However, few studies have attempted to identify physical controls on particle transport. One reason has been the lack of relatively simple, inexpensive methods. We describe a new technique for measuring fine particle transport in streams using fluoresently labeled yeast as FPOM analogs. We used steady state injections of yeast and a conservative tracer (Cl) in 6 reaches along a stream continuum at the Hubbard Brook Experimental Forest to explore the relationship between hydrologic properties of stream reaches and particle transport. The yeast technique is relatively easy and inexpensive, and measures of fine particle transport derived from this approach were comparable to those obtained for natural seston and other seston analogs in similarly sized streams. The transport distance of yeast particles (S p ) increased along the stream continuum. S p was negatively correlated with relative transient storage (k 1 /k 2 ) and positively correlated with hydrologic exchange rates of the main channel (k 1 ) and transient storage (k 2 ). The depositional velocity of yeast (v dep ), which normalizes average transport distances for stream velocity and depth, showed no trend along the continuum and was not related to k 1 , k 2 , or k 1 /k 2 . Together, these results suggest that velocity and depth were the most important factors in determining differences in particle transport along the continuum.
Transport and uptake of fine particulate organic matter (FPOM) are important processes linking upstream and downstream reaches of stream ecosystems (Anderson and Sedell 1979 , Wallace and Merritt 1980 , Wallace et al. 1991 , Cushing et al. 1993 . In headwater streams, FPOM is generated by the breakdown of coarse organic matter through physical abrasion, invertebrate feeding, microbial processing, and flocculation of dissolved organic matter. It may then be entrained and exported from the reach, becoming a source of energy to downstream food webs (Wallace and Merritt 1980) . Movement of stream nutrients and contaminants contained within or sorbed to organic matter are also influenced by downstream fine particle transport (Meyer and Likens 1 1979, Karichkoff 1984) . Experimental studies on factors influencing FPOM transport and deposition, therefore, contribute to understanding how stream ecosystems are longitudinally linked.
Stream properties such as discharge, organic matter distribution and abundance, and insect feeding activities influence the timing and magnitude of FPOM transport. Increased discharge increases particle export (Bilby and Likens 1979 , Wallace et al. 1991 , whereas organic matter accumulations (e.g., debris dams) generally decrease export (Bilby 1981 , Webster et al. 1990 , Wallace et al. 1995 . Insect activity generally increases fine particle export both by generating fine particles from coarse particles and by reducing leaf accumulations that retain fine particles (Webster 1983 , Wallace et al. 1991 . Under some conditions, dense aggregations of small filter-feeding dipterans can reduce fine particle export (Morin et al. 1988) . Although these studies have identified important controls on FPOM export, less is known about the balance between export and [Volume 21 M. J. PAUL AND R. O. HALL deposition or the transport distance of fine particles in streams. The actual distance traveled by fine particles is a result of both biotic and abiotic factors that remove particles from the water column , Jones and Smock 1991 , Hall et al. 1996 , Minshall et al. 2000 . Although export is related to what is lost from the reach, particle deposition reflects processes within the stream that may make particles available to benthic food webs.
Studies that have directly measured FPOM transport have relied on a number of different techniques using 14 C-labeled seston and ground leaves or FPOM analogs such as fluorescently labeled bacteria, corn pollen, fluorescently labeled Lycopodium spores, and dye , Jones and Smock 1991 , Miller and Georgian 1992 , Cushing et al. 1993 , Hall et al. 1996 , Wotton et al. 1996 , Miller et al. 1998 , Minshall et al. 2000 , Wanner and Pusch 2000 . These studies directly measured transport of seston, but there are some drawbacks to use of these techniques. Radiolabeling stream seston with 14 C provides the most natural material for study (Cushing et al. 1993 , Minshall et al. 2000 , but it is labor intensive, expensive, and it may be generally difficult to obtain permission to add radioisotopes to streams. Corn pollen is expensive and can be difficult to distinguish from natural FPOM during sample processing (J. R. Webster, Virginia Polytechnic Institute and State University, Blacksburg, Virginia, personal communication), especially if background concentrations of FPOM are high. We use fluorescently labeled yeast as an inexpensive and simple way of generating small particles for studying the influence of stream size on particle transport distance.
In addition to measuring actual transport distance of particles, we were interested in investigating some of the potential hydrologic controls of that transport. Solute models have been developed to estimate hydrologic properties (e.g., transient storage and hydrologic exchange) in streams using conservative tracer releases (Bencala and Walters 1983, Stream Solute Workshop 1990) , and many hydrologic features correlate with nutrient uptake length and stream reach metabolism. For example, greater transient storage was correlated with shorter transport lengths of NO 3 Ϫ in New Mexico streams (Valett et al. 1996) . Also, greater transient storage was associated with greater P uptake and community respiration in streams in Tennessee and North Carolina (Mulholland et al. 1997) . Increased exchange between main channel flow and water in transient storage may also increase the deposition of fine particles in streams because transient storage zones that include finegrained hyporheic sediments may promote filtration of fine particles. In addition to direct filtration by fine sediments, storage may result in velocities below those needed for direct entrainment, allowing particles to settle (Cushing et al. 1993) . Few studies have addressed this issue, so our understanding of these dynamics is limited. Only Minshall et al. (2000) related instream particle transport and deposition to lotic hydrologic properties. Minshall et al. (2000) measured particle transport lengths (S p ), the average distance a particle travels before settling, and particle depositional velocity (v dep ) in several streams. Depositional velocity corrects S p for variation in velocity and depth among different study streams. Minshall et al. (2000) used 14 C-labeled seston releases in 6 different western streams (2 of which were studied under low and high flows), and found a negative correlation between relative transient storage and S p , and a positive correlation between relative transient storage and v dep . They concluded that transient storage may be important in FPOM deposition.
The objective of our study was to use a combination of fine particle and conservative tracer releases to address 2 questions: 1) How does fine particle deposition change along a stream size gradient? 2) What are the relationships between stream reach hydrologic properties and fine particle transport distance among streams of different sizes?
Study Sites
The 6 study streams were located in the Hubbard Brook Experimental Forest (HBEF; Likens 1992) and drained watersheds typified by glaciated terrain, composed primarily of granite and schist. Dominant stream substrates consisted of large granite boulders, cobble, bedrock, and, in 1 st -order streams, organic matter debris accumulations. Depth to bedrock ranged from 0 to 10 cm (ROH, personal observation).
We chose study reaches along a continuum of stream size from 1 st -to 5 th -order (Table 1) . Discharge along the continuum ranged from 0.2 L/ s to 120 L/s. Width and depth of streams varied from 1.2 to 9.4 m and 0.04 to 0.14 m, respectively (Table 1) . We chose representative reaches in each stream in which we measured both hydrologic characteristics and particle transport.
Our headwater sites (W5 and W6) were narrow reaches characterized by organic matter and cobble accumulations mixed among large boulders. Paradise Brook and Bear Brook were wider, with substrates similar to those in the smallest streams, but also with larger boulders and more frequent pools separated by cobble riffles and small cascades. The 2 main Hubbard Brook sites were widest, and consisted of long, shallow, cobble riffles amidst large boulders.
Methods

Stream hydraulic measures
Several hydrologic features of each stream were measured using conservative tracer (i.e., Cl) releases (Stream Solute Workshop 1990, Webster and Ehrman 1996) . A concentrated NaCl solution was added to each stream reach with a Watson-Marlow 504s peristaltic pump. Solution delivery rate was adjusted to elevate instream Cl concentrations to ϳ10 mg/L, a 20-fold increase above background (0.5 mg/L). Concentrations were monitored at the end of the reach using an Orion Model 250A meter with a Cl ion-specific electrode (Orion Model 94-17B), except at Upper Hubbard Brook, where the time course of the conservative tracer injection was monitored with a conductivity meter (YSI Model 30). Ion concentrations or conductivity readings were recorded at 1-min intervals throughout the release, except during the rising and falling limbs of the tracer release, during which readings were taken every 15 s.
Chloride was added until plateau concentrations were reached downstream, at which time concentrations within the channel were assumed to have reached steady state. Five water samples were collected during plateau from across each of 7 equally spaced transects along the reach and put on ice. Chloride was analyzed in the lab with a Dionex series 2000i ion chromatograph with an IonPac AS14 column. After plateau sampling, the Cl injection pump was turned off and ion concentration or conductivity were recorded until they returned to prerelease values. For 2 releases, the pump stopped for ϳ5 min during the rising limb of the release. The pump was turned back on and the release data adjusted using interpolation to account for the error.
Stream discharge (Q) was quantified using dilution gauging techniques (Webster and Ehrman 1996) . Mean stream width (w, m) was estimated from the average of widths measured from replicate transects within the reach. Average depth (d, m) was derived using w, Q, and velocity (v, m/s), determined from the solute model (see below) and these values were used to estimate average stream cross-sectional area (A, m 2 ). Last, reach water residence time (T H2O , min) was estimated as T H2O ϭ V/Q, where V is reach volume (area times length).
Stream hydrologic properties were characterized using a 1-dimensional advection-dispersion transient storage model that has been used extensively to describe transient storage processes in streams (Bencala and Walters 1983 , Stream Solute Workshop 1990 , D'Angelo et al. 1993 , Valett et al. 1996 , Webster and Ehrman 1996 (Hart 1995) . The model was solved iteratively to provide a least-squares best fit between model output and field data. The fractional exchange between the main channel and transient storage components of the model is governed by k 1 (1/s). Conversely, the fractional exchange between transient storage and main channel flow is governed by k 2 (1/s). The inverses of these coefficients represent the turnover time of water in the main channel (1/k 1 ) or transient storage (1/k 2 ). The ratio of k 1 /k 2 is relative transient storage and is the same as the value A s /A reported in other solute release studies (Bencala and Walters 1983 , Stream Solute Workshop 1990 , D'Angelo et al. 1993 .
Yeast preparation
We developed a new particle analog using fluorescently labeled brewer's yeast (Saccharomyces cerevisiae) to measure FPOM transport distance in these streams. This method is an adaptation of one previously described using fluorescently labeled bacteria (Sherr et al. 1993 , Hall et al. 1996 . We chose brewer's yeast because the cells are similar in size (5-7 m, mean ϭ 5.8 Ϯ 0.9 m, measured at 1000ϫ on an Olympus BH-2 light microscope) and density (1.124 g/cm 3 , Ju and Ho 1988) to natural, ultrafine particulate organic matter (0.45m to 10 m, 1.68-2.46 g/cm 3 , Kazmierczak et al. 1987 ). In addition, brewer's yeast can be easily obtained from breweries where it is discarded as waste from the bottom of fermentation vessels. We did not expect yeast to behave exactly like natural seston, and used it only as an FPOM analog to more easily study small particle transport in streams rather than to estimate actual rates of seston deposition.
Brewer's yeast was obtained as yeast slurry (10 11 -10 12 cells/L) and prepared according to techniques described for staining eukaryotic cells (Sherr et al. 1993) . Dried baker's yeast was not acceptable because most cells were dead upon rehydration and would not incorporate the fluorescent stain (ROH, personal observation).
Yeast was centrifuged as 1-L batches in 250 mL centrifuge bottles with a Sorvall RC-2 centrifuge for 10 min at 1600 g. Supernatant was removed and each 250 mL flask was filled with phosphate buffer (921 mL 1.74 g KH 2 PO 4 /L deionized water ϩ 79 mL 1.30 g K 2 HPO 4 /L deionized water; pH ϭ 7.2), the cells were resuspended with a Sorvall homogenizer, and the flasks were recentrifuged. Supernatant was again removed and the cells were resuspended in 60 mL of phosphate buffer in each flask. Yeast was emptied into a larger flask (2.5 L) and residual yeast was rinsed from each centrifuge flask with buffer. We then added 400 mL of fluorescein isothiocyanate (FITC) solution (40 mL carbonate/ bicarbonate buffer [625 mL 42.0 g NaHCO 3 /L deionized water ϩ 375 mL 53 g NaCO 3 /L deionized water; pH ϭ 9.5], 180 mL of phosphate buffer, 180 mL of NaCl [0.85%], 50 mg FITC). The yeast-FITC slurry was mixed with a large Sorvall homogenizer for ϳ1 min. The slurry was then placed in a dark 4-L Nalgene bottle, preserved with formalin (5% final solution), and refrigerated until needed. FITC is light sensitive, so refrigerated storage in a dark bottle is recommended. With formalin preservation, we have observed that cells retain fluorescence for at least 5 mo. Final concentrations of fluorescent yeast obtained with this method were ϳ10 11 to 10 12 cells/L.
Yeast addition
For each addition, measured volumes of yeast slurry were emptied into graduated carboys and mixed with the volume of stream water necessary to generate a concentrated yeast solution. Yeast was added into the stream using a Watson-Marlow 504s peristaltic pump, and delivery rates were adjusted for stream discharge and yeast solution concentration as necessary to reach target stream yeast concentrations of 1000 cells/mL.
Yeast was not mixed with the concentrated Cl solution used as the conservative tracer to avoid potential cell lysis. Instead, yeast was added into the stream immediately after the Cl addition was completed and was added for the time necessary to reach channel equilibrium based on the time to Cl plateau (Table 1) . Three 25-mL water samples were collected in glass scintillation vials at 3 equal widths across the stream at each of the 7 equally spaced transects along the reach. Samples were collected at the same relative release time that samples for Cl analysis were collected during the earlier conservative tracer injection. Samples were preserved in formalin (5% final solution), placed on ice, trans-PARTICLE TRANSPORT ALONG A GRADIENT ported to the lab, and refrigerated in the dark until processed.
In the laboratory, samples were shaken on a vortex stirrer and 10 mL were filtered through 1-m irgalan black Poretics polycarbonate filters under low pressure (Ͻ74 mm Hg). Filters were slide mounted with a drop of type A immersion oil and yeast cells were counted using an epifluorescent ultraviolet-microscope with bluelight excitation. Mean volumetric cell density at each transect was calculated using the average cell density of the 3 samples estimated from 10 fields per filter (Kirchman 1993) .
Yeast cell density was divided by Cl concentration at each transect to correct for dilution by groundwater along the study reach. Particle transport distance was calculated using an exponential removal model as described for nutrient uptake and seston removal in other studies (Newbold et al. 1981 , Cushing et al. 1993 :
where N x is the mean number of yeast cells divided by the Cl concentration x m downstream and N 0 is the Cl-corrected yeast density at x ϭ 0 m. The negative slope of this regression is the longitudinal loss rate (k, 1/m) of yeast, and the inverse of the slope is the particle transport distance (S p , m) or average distance traveled by a yeast cell before leaving the water column. We could not distinguish between yeast cells that stayed in the water column and those that were deposited and resuspended, although we suggest that resuspension was small over the stream length studied and short release duration (Ͻ3.5 h). The depositional velocity (v dep ) of yeast in each reach was also calculated. Depositional velocity weights transport distances for differences in velocity and depth among sites. This scale-independent measure was interpreted as the average rate at which yeast moved through the water column toward the benthic surface. Depositional velocity was calculated as: (Statview 4.51. 1995. Abacus Concepts Inc., Berkeley, California) to analyze relationships between hydrologic parameters, particle release data, and other physical parameters of the study reaches. Values of S p , k 1 , k 2 , and Q were log 10 -transformed to meet assumptions of normality and equal variance.
Results
Yeast cells were smaller than most radiolabeled natural seston and seston analogs used in other studies, but larger than bacterial particles ( Table 2 ). The v fall of yeast was 250 times slower than natural ultrafine seston, radiolabeled natural seston (Ͼ53 m), and pollen, but 36 times faster than bacteria (Table 2) . However, transport distances of yeast were similar to those observed for natural seston, pollen, and bacteria (Table 2) . Depositional velocities for yeast in our study streams were only slightly less than those of radiolabeled natural seston in Idaho streams, but ϳ4 times slower than corn pollen and 2 to 3 times slower than bacteria (Table 2) .
Transport distances varied between 4 m for Watershed 6, where stream discharge was lowest, and 409 m in Lower Hubbard Brook, where discharge was highest (Table 3) . Transport distances for yeast increased significantly with both discharge and velocity (Fig. 1) . Depositional velocities of yeast varied from 0.031 mm/s in Lower Hubbard Brook to 0.052 mm/s in Paradise Brook and showed no trend along the stream size gradient (Table 3) .
Exchange coefficients (k 1 and k 2 ) increased significantly with Q (Fig. 2) . Main channel exchange rate increased significantly by Ͼ5-fold from the smallest to largest stream (r 2 ϭ 0.73, p ϭ 0.03). Similarly, k 2 increased significantly by Ͼ20-fold from the smallest to largest stream (r Cushing et al. 1993 Minshall et al. 2000 Miller and Georgian 1992 Hall et al. 1996 This study TABLE 3. Solute model parameter values, yeast average transport distances (S p ), yeast average depositional velocities (v dep ), and water residence times (T H2O , volume of reach/discharge) from study reaches. k 1 ϭ exchange coefficient from main flow to transient storage, k 2 ϭ exchange coefficient from transient storage to main flow, k 1 /k 2 ϭ the ratio of transient storage cross-section area and stream cross-section area. Table 3 ), whereas values for k 1 and k 2 individually showed no statistically significant relationship with T H20 (p Ͼ 0.05, Table 3 ).
Yeast transport distance increased significantly with k 1 and k 2 , driven strongly by long S p values at the 2 largest sites (Fig. 3) . Yeast transport distance decreased consistently with the size of k 1 /k 2 (Fig. 3) . Contrary to S p , v dep values of yeast were not related to k 1 , k 2 , or k 1 /k 2 (Fig. 3) .
Discussion
Brewer' s yeast as a seston analog
We did not expect particle deposition estimates made with yeast to estimate actual rates of seston deposition in streams because seston is a heterogeneous mixture of particles, differing in size, geometry, and surface charge . Yeast particles are within the size range of ultrafine particulate organic matter (UFPOM, 0.45 m-10 m) but they are less dense than natural UFPOM (probably because of the greater amount of mineral material in UFPOM), which explains the slower v fall of yeast. Given that yeast are FPOM analogs, it is notable that their transport and settling behavior is similar to natural FPOM. Still, the transport of natural particles is difficult to simulate easily and inexpensively, and approaches using radiolabeled natural seston are clearly most appropriate (Cushing et al. 1993 , Minshall et al. 2000 .
Injection of brewer's yeast is a useful tool for experimental investigations of factors controlling small particle transport and depositional processes in streams. The benefit of the yeast analog used in a steady state release is the relatively low cost of preparation (ϳ$40 per release), ease of sampling and measurement (ϳ6 times as many samples would be generated for a comparable pulse release), and ability to ob-PARTICLE TRANSPORT tain good particle mixing through the use of a long-term steady state release. Pulse releases in which target particles are released in short durations (min) upstream, may not completely mix throughout the channel, leading to an underestimation of deposition, whereas long-term (h) releases may allow for more extensive mixing of particles among all parts of the channel.
Hydrologic change along the stream size gradient
The responses of k 1 /k 2 to Q, v, w, and T H2O are consistent with trends observed for Southern Appalachian, Cascade Mountain, Idaho, and New Mexico streams (D'Angelo et al. 1993 , Valett et al. 1996 , Minshall et al. 2000 . Decreased Qs led to increased T H2O s in headwater stream reaches, increasing contact time of main channel water with areas of potential transient storage.
The main channel exchange coefficient as well as k 2 increased significantly along the continuum but k 1 /k 2 decreased. Therefore, as stream size increased, water was residing for shorter periods of time in main channel flow and transient storage, but the rate of decrease in residence time along the gradient was faster for transient storage. Similar trends were also observed for 1 st -to 4 th -order southern Appalachian streams (D'Angelo et al. 1993) . Increased flows downstream, wider channels, less woody debris, and decreased surface area : water volume likely increased the rate of flushing of main channel and transient storage water. Transient storage in streams may include not only parafluvial and/or hyporheic zones, but also some degree of surface water storage within the channel, which occurs outside the main flow (e.g., behind physical structures such as boulders and organic debris accumulations, see Harvey et al. 1996) . Our results support the notion that the nature of transient storage changes along a stream gradient.
Controls on particle transport
Fine particle transport distances increased with stream size, consistent with relationships between solute transport and discharge (Valett et al. 1996) . When discharge estimates are log 10 -transformed, data from FPOM releases in Idaho showed the same effect of Q on S p (Minshall et al. 2000) . Increasing transport with stream size means that the spatial linkage between organic matter processing in upstream reaches and its use by downstream reaches is not constant along the continuum. Instead, we suggest that the linkage is increasingly spatially displaced along the continuum as v and d increase. This observation is consistent with the transport of particulate N in streams, which increases with Q (Wollheim et al. 2001) . Given that only a small portion of deposited FPOM remains within a reach (Cushing et al. 1993) , our results further the observation that upstream to downstream linkages may be long. The strength of linkage will, therefore, depend on drainage geometry and position of the reach along the continuum, a point emphasized in a recent theoretical review (Fisher 1997) .
Although S p s were positively related to k 1 and k 2 in our study, v dep estimates were not. In fact, v dep varied little along the gradient (ϳ2-fold) and was unrelated to any hydrologic parameter, suggesting that d and v were more important in determining S p than was transient storage per se along our stream continuum. The similar response of S p , k 1 , and k 2 to increased stream size, suggest that these factors co-vary and causal relationships among these variables are difficult to decipher. We suggest that the relationship between transport and exchange is driven primarily by hydrology. We propose that S p is determined primarily by stream v and d because we observed no relationship between k 1 /k 2 and v dep . Minshall et al. (2000) studied particle transport among different sized streams in Idaho and found a significant positive relationship between k 1 /k 2 and v dep , suggesting that k 1 /k 2 may be important in deposition. Our results do not support their conclusion, for a number of possible reasons. First, we used much smaller particles, which may behave differently in transient storage areas than the larger particles released in Idaho streams. Second is the variable nature of transient storage. We studied small, forested mountain streams where we suspect much of the transient storage may be in surface zones (ROH, unpublished data). The amount of transient storage contributed by hyporheic zones, aquatic macrophyte beds, and backwater areas differed between the studies, and different types of transient storage may function differently in terms of particle deposition. The last reason may be the degree to which v dep and transient storage varied at the sites in Minshall et al. (2000) and our study. At HBEF, k 1 /k 2 varied between 0.18 and 0.87, but v dep varied only between 0.031 and 0.052 mm/s (Fig. 4) . In Idaho, the range in k 1 /k 2 was much smaller, varying between 0.043 and 0.184, but v dep varied between 0.06 and 0.87 mm/s. A higher range in v dep than we had may be needed to observe effects of k 1 / k 2 on v dep . The combined data sets, however, show no relationship between k 1 /k 2 and v dep (Fig.  4) . The disparity in results is intriguing and merits further investigation of the potential for k 1 /k 2 to affect v dep . Measuring particle deposition in streams of similar size with dramatically different k 1 /k 2 would help clarify the relationship between hydrologic exchange and particle deposition.
